Inhibin, a gonadal hormone capable of preferential suppression of pituitary follicle-stimulating hormone (FSH) secretion, has recently been purified. The major form of this protein is an a48 heterodimer encoded by two separate genes. In contrast to the FSH-suppressing action of the a,3 heterodimer, the 1831 homodimer stimulates FSH secretion. Earlier investigations on testicular (1, 2) and ovarian (3-6) proteins capable of differential suppression of follicle-stimulating hormone (FSH), but not luteinizing hormone (LH), secretion by the anterior pituitary gland have been followed by the recent isolation of inhibin from porcine (7-9) and bovine (10, 11) follicular fluid. Based on the amino acid sequence of these proteins, porcine (12), human (13), and bovine (14) MATERIALS AND METHODS Animals. Male and female Sprague-Dawley rats were obtained from Johnson Laboratories (Bridgeview, IL). Neonatal male rats (7-day-old) were maintained at 8 to 10 per lactating mother, whereas adult male rats were hypophysectomized at 60-70 days of age and then used at 7-10 days after operation. For theca-interstitial cell cultures, immature female rats were hypophysectomized at 21 days of age and used at 4 days after operation. In addition, theca explants were obtained from 30-day-old intact rats.
Luteinizing hormone (LH)-secreting pituitary cells and gonadal androgen-producing cells have long been shown to form a closed-loop feedback axis. Based on recent studies demonstrating the FSH stimulation of inhibin biosynthesis by ovarian granulosa and testis Sertoli cells, an additional closed-loop feedback axis exists between pituitary FSH-and gonadal inhibin-producing cells. Because uncharacterized Sertoli cell factors have been suggested to either stimulate or inhibit androgen production by testicular Leydig cells, we have tested the intragonadal paracrine actions of heterodimers and homodimers of inhibin subunits. In primary cultures of testis cells, the a48 heterodimer of inhibin enhances Leydig cell androgen biosynthesis stimulated by LH, whereas the (3(3 homodimer suppresses androgen production. Furthermore, similar modulatory actions of inhibin-related proteins were found in cultured ovarian theca-interstitial cells and theca explants treated with LH. In contrast, treatment with the inhibin-related proteins alone did not affect gonadal steroidogenesis. Our data indicate that the inhibin-related gene products synthesized by Sertoli and granulosa cells may form heterodimers or homodimers to serve as intragonadal paracrine signals in the modulation of LH-stimulated androgen biosynthesis and allow cross-communication between the two feedback loops.
Earlier investigations on testicular (1, 2) and ovarian (3) (4) (5) (6) proteins capable of differential suppression of follicle-stimulating hormone (FSH), but not luteinizing hormone (LH), secretion by the anterior pituitary gland have been followed by the recent isolation of inhibin from porcine (7-9) and bovine (10, 11) follicular fluid. Based on the amino acid sequence of these proteins, porcine (12) , human (13) , and bovine (14) inhibin genes have been cloned. These proteins are composed of dissimilar a and 8 subunits that are derived from separate genes. Although the af heterodimer of inhibin suppresses FSH secretion, the p,8 homodimer stimulates FSH release (15, 16) . Furthermore, the gene for the inhibin p8 subunit is highly conserved and is homologous to the genes for transforming growth factor type , (p-TGF) and Mullerian duct inhibiting substance (17) .
In primary cultures of ovarian granulosa cells, FSH stimulates the secretion of both bioactive and immunoreactive inhibin (18, 19) , whereas the testicular inhibin is secreted by cultured Sertoli cells (20, 21) . Because uncharacterized Sertoli cell factors have been shown to either enhance or suppress Leydig cell functions (22) (23) (24) (25) (26) , we tested the hypothesis that inhibin and related proteins may exert paracrine actions by modulating Leydig cell androgen production. We further tested the hypothesis that inhibin and related proteins regulate androgen production by ovarian theca interna cells.
MATERIALS AND METHODS Animals. Male and female Sprague-Dawley rats were obtained from Johnson Laboratories (Bridgeview, IL). Neonatal male rats (7-day-old) were maintained at 8 to 10 per lactating mother, whereas adult male rats were hypophysectomized at 60-70 days of age and then used at 7-10 days after operation. For theca-interstitial cell cultures, immature female rats were hypophysectomized at 21 days of age and used at 4 days after operation. In addition, theca explants were obtained from 30-day-old intact rats. Animals were housed in air-conditioned quarters under a 14-hr light, 10-hr dark cycle.
Reagents Ovine inhibin (inhibin a,3 heterodimer) was isolated from rete testis fluid by immunoaffinity chromatography (J.V. and W.V., unpublished work) using an antiserum to the NH2-terminal portion of the porcine inhibin a subunit. The active zone from immunoaffinity chromatography was further purified by gel permeation on fast protein liquid chromatography (FPLC) (15) and reversed-phase HPLC. On NaDodSO4/ PAGE, purified nonreduced ovine inhibin shows a single band of Mr 32,000; following reduction, two bands of Mr 21,000 and Mr 14,000 are observed. Porcine FSH releasing protein, a homodimer of inhibin-/3A13A, was purified to homogeneity from porcine follicular fluid as described by Vale et al. (15) .
Cell Cultures. Neonatal testis cell cultures have been reported (27) . In brief, testes of neonatal rats were dissected free of fat, decapsulated, and dispersed in a solution containing 0.1% collagenase, 10 jig of DNase per ml, and 10 mg Abbreviations: FSH, follicle-stimulating hormone; LH, luteinizing hormone; hCG, human chorionic gonadotropin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 5083 of bovine serum albumin per ml. The testes were incubated at 370C for 45 min, during which time they were dissociated into a cell suspension by repeated pipetting at 15-min intervals. At the end of the incubation, cells were collected by centrifugation and washed three times with medium. For the preparation of adult testis cell cultures, testes of hypophysectomized adult rats were obtained and collagenase-dispersed cells were cultured as described (28) . The adult testis cells were cultured without treatment for 8 days with medium change every 2 days to allow the recovery and stabilization of the responsiveness of the Leydig cells to LH/human chorionic gonadotropin (hCG). The cell viability (75-85%) was determined by trypan blue exclusion testing.
Ovarian theca-interstitial cells were prepared as described earlier (29) with modification. Ovaries from hypophysectomized rats were decapsulated and punctured to express the granulosa cells. The remaining ovaries containing thecainterstitial tissues were then cut into 6-8 pieces and incu- , penicillin (100 units/ml), and streptomycin sulfate (100 u.g/ml). Cell cultures were maintained at 370C under a water-saturated atmosphere of 5% C02/95% air. After 2 or 3 days of incubation, the medium was changed, and cells were incubated with or without various concentrations of LH, rete testis fluid inhibin, or ,A homodimer of inhibin for 2 or 3 more days as indicated. Adult testis cells (106 viable cells per 35-mm culture well containing 1 ml of medium) were cultured in the same medium and treated with various hormones between days 8 to 10 of culture (28) . At the end of the incubation period, the medium was frozen (-20°C) until assayed for testosterone and androstenedione content for testis and ovarian cultures, respectively.
To test the effect of inhibin-related proteins on androgen production by oyarian theca cells, follicle shells containing theca interna cells were prepared and cultured as described by Richards et al. (30) . In brief, small antral follicles were isolated from ovaries of 30-day-old female rats. Theca shells were separated from granulosa cells by piercing the follicular wall to release loosely attached granulosa cells, followed by scraping of the mural granulosa cells from basal lamina. Theca shells were cultured individually in 0.5 ml of McCoy's 5A medium containing penicillin, streptomycin, and 1% fetal calf serum. After 3 days of culture, the medium was changed, and the explants were cultured in serum-free McCoy's 5A medium in the absence or presence of hCG (5 ng/ml) with or without ca and 8,3f dimers of inhibin for 3 more days.
Steroid Radioimmunoassay and Statistical Analysis. The content of androgens in the culture medium was analyzed using specific radioimmunoassay. The testosterone and androstenedione antisera were raised in rabbits against testosterone-3-oxime-conjugated bovine serum albumin and 4-androstene-3, 17-dione-6,B-ol-hemisuccinate-conjugated bovine serum albumin, respectively. The specificity of these antisera has been described (31) . Statistical analysis was done using Student's t test. All experiments were repeated at least three times with comparable results; only one representative experiment is presented. RESULTS LH stimulated a dose-dependent increase in testosterone production by primary cultures of neonatal testicular cells (Fig. 1) . Although ineffective by itself, a purified inhibin (a/3 heterodimer at 7 ng/ml) preparation obtained from ovine rete testis fluid enhanced LH-stimulated androgen production at all doses of LH tested (P < 0.01). At 3 ng of LH per ml, the a,3 heterodimer of inhibin increased LH action 1.8-fold. In contrast to the augmenting action of the inhibin a,(3 heterodimer, the 3,8( homodimer of inhibin (5 ng/ml) purified from porcine follicular fluid suppressed Leydig cell androgen production at all doses of LH tested. Likewise, treatment with the homodimer alone did not affect testosterone biosynthesis. When both heterodimer and homodimer were included, an intermediate level of androgen biosynthesis was induced by LH. Similar to studies using the neonatal testis cell cultures, treatment with LH stimulated a dose-dependent increase in testosterone production by cultured testis cells obtained from adult rats (Table 1) . Likewise, cotreatment with the inhibin a/3 heterodimer augmented LH action at all doses of the gonadotropin tested.
We further tested the modulatory effects of dimers of inhibin subunits on ovarian androgen biosynthesis. Modulatory effects of inhibin dimers on LH-stimulated androgen production by cultured neonatal testis cells. Primary cultures of testis cells from intact neonatal rats were prepared as described (27) . Cells were cultured for 3 days, and the medium was changed before treatment for 3 more days with increasing doses of LH with or without the inhibin heterodimer (7 ng/ml) purified from ovine rete testis fluid. Some cells were also treated with LH plus 8A homodimer of inhibin (5 ng/ml) purified from porcine follicular fluid, or LH plus both dimers of inhibin subunits. hypophysectomized for 7-10 days. Testes were decapsulated, and cells were dissociated by collagenase as described (28) . After 8 days of culture, the medium was changed, and cells were treated for 2 days with hCG with or without the ac1 heterodimer of inhibin (5 ng/ml).
Medium content of testosterone was measured by radioimmunoassay. Mean ± SEM of triplicate cultures. *Significantly different from corresponding groups without treatment with the inhibin c1,8 heterodimer; P < 0.01.
antagonize each other's action when incubated together with LH.
To further define the site of action of inhibin-related proteins in the ovary, hormonal modulation of androgen production by theca explants was studied. Isolated follicle shells containing theca interna cells were treated with hCG (5 ng/ml) with or without the inhibin ap heterodimer (7 ng/ml) Ovaries from immature hypophysectomized rats were punctured with a fine needle to eliminate granulosa cells, and the remaining tissues were dissociated by collagenase/DNase to obtain thecainterstitial cells. Ovarian cells were cultured for 2 days, and the medium was changed before treatment for 2 mQre days with or without increasing doses of LH in the absence or presence of the inhibin heterodimer (7 ng/ml) purified from ovine rete testis fluid.
Some cells were also treated with LH plus the ,3A homodimer (5 ng/ml) of inhibin purified from porcine follicular fluid or LH plus both dimers of inhibin subunits. Medium content of androstenedione was measured by radioimmunoassay. Results Follicle shells containing theca interna cells were obtained by piercing the follicles to release granulosa cells followed by scraping the follicle wall. Individual theca explants were cultured in McCoy's 5A medium containing 10o fetal calf serum for 3 days before medium change. Theca explants were then cultured for 3 more days in serum-free medium in the absence or presence of hCG with or without inhibin-related proteins. Concentrations of androstenedione in the conditioned media were measured by radioimmunoassay. Mean ± SEM; n = 6. *Significantly different from the corresponding group without treatment with inhibin-related proteins; P < 0.01. or the ,8P homodimer (5 ng/ml) for 3 days (Table 2 ). Although treatment with the inhibin-related proteins by themselves was ineffective, the a,8 heterodimer enhanced LH-stimulated androstenedione production by 80%, whereas the pp homodimer of inhibin subunits suppressed LH action by 41% (P < 0.01).
The dose-dependent action of these gonadal proteins was further tested. Neonatal testis and ovarian theca-interstitial cells were treated with LH with or without increasing doses of the inhibin-related proteins. As shown in Fig. 3 , the a1 heterodimer of inhibin enhanced LH action with an apparent ED50 value of 1.8 ng/ml (0.56 x 10-10 M) at both testis and ovarian cells. Conversely, the pp homodimer of inhibin inhibited LH-stimulated androgen production by testis and ovarian cells with ED50 values of 1.4 and 1.2 ng/ml (0.64 and 0.55 x 10-10 M), respectively.
DISCUSSION
In addition to the well-known paracrine actions of gonadal steroids at their site of production (32), the present finding that inhibin enhances LH-mediated Leydig and theca cell androgen production provides evidence of a paracrine action of this gonadal protein (Fig. 4) . Although inhibin was originally isolated from the follicular fluid and believed to be a granulosa cell product, the ovine inhibin used here is isolated from the rete testis fluid and believed to be of Sertoli cell origin. In addition, our recent data have demonstrated the FSH stimulation of inhibin production by cultured rat Sertoli cells (21) . Thus, inhibin may prove to be one of the putative Sertoli cell-or seminiferous tubule-derived nonsteroidal factors capable of enhancing LH-mediated Leydig cell steroidogenesis (23) (24) (25) . The present observation may also explain paradoxical findings showing that FSH enhances Leydig cell LH responsiveness and receptor content (22) .
In addition to the two long-loop feedback axes between pituitary (LH-and FSH-secreting) gonadotrophs and testicular (androgen-and inhibin-producing) cells, inhibin may provide the cross-communication between the two loops. Thus, testis inhibin not only suppresses pituitary FSH release, but also enhances LH-regulated Leydig cell production of androgens, which exert negative feedback at the pituitary LH-producing cells (Fig. 4 ). An analogous situation may also 
